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Lef-1 and Tcf-3 Transcription Factors
Mediate Tissue-Specific Wnt Signaling
during Xenopus Development
cause activation of gene-specific transcription [14]. In Xen-
opus, XTcf-3 functions during early embryonic develop-
ment in the establishment of the dorsal body axis [13].
This finding is based on experiments using a constitutively
repressing construct in which the N-terminal -catenin
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Zygotic Wnt signaling in mesodermal patterning must
therefore be mediated by a different transcription factor.Wnt signaling functions repeatedly during embryonic
XLef-1, a member of the Lef/Tcf family of transcriptiondevelopment to induce different but specific re-
factors that differs from XTcf-3 (Figure 1), is a goodsponses. What molecular mechanisms ensure that
candidate for mediating zygotic Wnt signaling: whileWnt signaling triggers the correct tissue-specific re-
XTcf-3 is expressed from maternally deposited mRNAsponse in different tissues? Early Xenopus develop-
before the onset of zygotic transcription, XLef-1 is onlyment is an ideal model for addressing this fundamental
expressed zygotically [15]. In order to study the functionquestion, since there is a dramatic change in the re-
of XLef-1 during early Xenopus development, we used asponse to Wnt signaling at the onset of zygotic gene
constitutively repressing construct of XLef-1 (N-XLef-1;transcription: Wnt signaling components encoded by
Figure 1 and the Experimental Procedures). Injectionmaternal mRNA establish the dorsal embryonic axis
of N-XLef-1 RNA in Xenopus embryos interferes with[1]; zygotically expressed Xwnt-8 causes almost the
normal ventral and axial development (Figure 2C). Theopposite, by promoting ventral and lateral and re-
phenotype induced is fundamentally different from thestricting dorsal mesodermal development [2–4]. Al-
phenotype induced byN-XTcf-3 (Figure 2B). The differ-though Wnt signaling can function through different
ences in the phenotypes indicate that XTcf-3 and XLef-1signal transduction cascades, the same -catenin-
function in different developmental processes in earlydependent, canonical Wnt signal transduction path-
Xenopus development. The N-XTcf-3-RNA-inducedway mediates Wnt signaling at both stages of Xenopus
phenotype is thought to result from constitutively repress-development [5, 6]. Here we show that, while the func-
ing the targets of maternal, dorsalizing Wnt signaling [6,tion of the transcription factor XTcf-3 is required for
13]. TheN-XLef-1-RNA-induced phenotype, instead, sug-early Wnt signaling to establish the dorsal embryonic
gests interference with ventrolateral mesoderm-promot-axis, closely related XLef-1 is required for Wnt signal-
ing, zygotic Wnt signaling, because it appears similaring to pattern the mesoderm after the onset of zygotic
to the phenotype induced by inhibition of Xwnt-8 signal-transcription. Our results show for the first time that
ing in the mesoderm [3].different transcription factors of the Lef/Tcf family
If XLef-1 functions downstream of Xwnt-8 in ventrolat-function in different tissues to bring about tissue-spe-
eral mesoderm-promoting, zygotic Wnt signaling, thencific responses downstream of canonical Wnt sig-
normal XLef-1 protein function will be required on thenaling.
prospective ventral side of the embryo. We find, indeed,
that ventral-specific injection of N-XLef-1 RNA inter-
Results and Discussion feres with ventral development (Figure 2H). This pheno-
type appears identical to phenotypes induced by ven-
The Lef/Tcf family of transcription factors function tral-specific inhibition of -catenin function [6, 16]. In
downstream of canonical Wnt signaling: they normally contrast, embryos are almost unaffected by localized
repress transcription of target genes in association with injection of N-XLef-1 RNA into the prospective dorsal
corepressors [7–9]; however, Wnt signaling through the side (Figure 2F). The phenotype induced by ventral-spe-
canonical pathway results in accumulation of nuclear cific N-XLef-1 expression is invariably less severe than
-catenin [10, 11], which binds Lef/Tcf transcription fac- the phenotype induced by N-XLef-1 expression on
tors [12, 13] to relieve this transcriptional repression and both dorsal and ventral sides (Figure 2, compare 2H to
2C). This is, however, expected since Xwnt-8 patterns
both ventral and dorsolateral mesoderm [3, 4].3 Correspondence: s.p.hoppler@dundee.ac.uk
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Figure 1. XLef-1 and XTcf-3 Constructs
XLef-1 and XTcf-3 belong to the family of Lef/Tcf transcription factors. They contain an amino-terminal -catenin binding domain and a more
carboxy-terminal HMG-like DNA binding domain. They repress transcription in association with corepressors. In response to Wnt signaling,
they are bound by nuclear -catenin to cause transcription of target genes. Constitutively repressing molecules are constructed by disrupting
the -catenin binding domain (N-XLef-1, N-XTcf-3).
Xwnt-8 patterns the mesoderm by maintaining the
expression of lateroventral genes such as Xpo, by main-
taining XmyoD expression in the dorsolateral meso-
derm, and by repressing Xnot expression in the lateral
and ventral mesoderm [3, 4]. If XLef-1 functions down-
stream of Xwnt-8 signaling, interference with XLef-1
function will affect gene expression of the same tissue-
specific genes. We find, indeed, that N-XLef-1 RNA
injections cause loss of Xpo (Figure 3L) and XmyoD
expression (Figure 3I) and a widening and an increase
in Xnot expression (Figure 3F). Xwnt-8 signaling is
known to have little effect on organizer-specific gene
expression [2, 4]. Similarly, N-XLef-1 RNA injections
do not significantly alter the expression of the organizer-
specific dorsal marker chordin (Figure 3C). In contrast,
Figure 3. N-XLEF-1 Interferes with Ventral and Dorsolateral Meso-
derm Patterning
(A–L) Xenopus laevis embryos were (A, D, G, and J) uninjected (as
a control) or injected at the 4-cell stage into all blastomeres with
(B, E, H, and K) N-XTcf-3 RNA or (C, F, I, and L) N-XLef-1 RNA.
The experiment was analyzed at control stages 10.5–11 by studying
Figure 2. N-XLEF-1 Affects Ventral and Axial Development the expression of the tissue-specific marker genes (A–C) chordin,
(D–F) Xnot, (G–I) XmyoD, and (J–L) Xpo. Embryos are shown in(A–H) Xenopus laevis embryos were (A and D) uninjected (as a con-
trol), (B and C) injected at the 4-cell stage into all blastomeres, (E vegetal view with the prospective dorsal side toward the top. Note
that the expression of the (A) organizer-specific dorsal markerand F) injected into dorsal blastomeres only, or (G and H) injected
into ventral blastomeres only, with (B, E, and G) N-XTcf-3 RNA or chordin is reduced in embryos expressing (B) N-XTcf-3 but is
largely unaffected by (C) N-XLef-1 expression. (D) The notochord-(C, F, and H) N-XLef-1 RNA. Embryos were fixed and analyzed
(A–C) at control stage 32 or (D–H) at control stage 34. Embryos are specific dorsal marker Xnot is also reduced in embryos expressing
(E)N-XTcf-3; (F) however, unlike chordin, Xnot expression is gener-oriented with anterior (or rostral) toward the left and dorsal toward
the top. Note that N-XLef-1 injection causes a phenotype that is ally stronger and expanded in embryos expressing N-XLef-1. (G)
The most striking feature of normal XmyoD expression is the com-fundamentally different from the phenotype of N-XTcf-3-injected
embryos (compare [C] to [B]). Further, note thatN-XTcf-3 interferes plete absence of expression in the dorsal midline; (H) however, in
embryos expressing N-XTcf-3, XmyoD is ectopically expressedwith dorsal development when expressed (E) in prospective dorsal
tissue, but not (G) in prospective ventral tissue and note that (H) in the dorsal midline. (I) In contrast, N-XLef-1 reduces XmyoD
expression. (J) The expression of the ventral and lateral marker XpoN-XLef-1 interferes with ventral development when expressed in
ventral tissue but (C) affects development of axial tissue only when is also ectopically induced in the dorsal midline by (K) N-XTcf-3
and is reduced in embryos expressing (L) N-XLef-1. (Consult theexpressed in both prospective dorsal and ventral sides (compare
to [F] and [H]). (Consult the Supplementary Material for a quantitative Supplementary Material for a quantitative analysis of this exper-
iment).analysis of this experiment).
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Figure 4. Morpholino Inhibition of XLef-1 Af-
fects Ventral and Axial Development and
Causes Reduction of XmyoD Expression in
Xenopus tropicalis
(A–F) Xenopus tropicalis embryos were (A
and D) uninjected (as a control), injected at
the 2-cell stage into both blastomeres with
(B and E) XtLef-1 morpholino (XtLef-1 MO) or
with (F) XtLef-1 MO and RNA encoding human
Lef-1, or (C) injected at the 4-cell stage into
ventral blastomeres only with XtLef-1 MO.
(A–C) Embryos at embryonic stage 38 are ori-
ented with anterior (or rostral) toward the left
and dorsal toward the top. (B) Note that XtLef-
1 MO injection affects the development of
ventral and axial tissues in Xenopus tropicalis embryos (compare to [A]). This phenotype is similar to the phenotype induced by N-XLef-1
RNA injection in Xenopus laevis (see Figure 2C). (C) Note that XtLef-1 MO injection into the prospective ventral side affects ventral tissue
development to a larger extent than axial tissue development (compare to [B]). This phenotype is similar to the phenotype induced by ventral-
specific N-XLef-1 RNA injection in Xenopus laevis (see Figure 2H). The expression of the tissue-specific marker gene XmyoD was analyzed
at control stages 10.5–11; (D–F) embryos are shown in vegetal view with the prospective dorsal side toward the top. (E) Note that the expression
of XmyoD is absent or severely reduced in embryos in which XtLef-1 expression is inhibited by XtLef-1 MO injection (compare to [D]). (F)
Coexpression of human Lef-1 rescues the expression of XmyoD in XtLef-1 MO-injected embryos.
inhibition of dorsal patterning by N-XTcf-3 RNA injec- XLef-1 function is necessary for zygotic Wnt signaling.
To test this hypothesis directly, we investigated whethertions causes ectopic expression of Xpo (Figure 3K) and
XmyoD (Figure 3H) in the prospective dorsal midline N-XTcf-3 andN-XLef-1 can rescue the effects caused
by ectopic maternal or ectopic zygotic Wnt signaling.and repression of expression of the notochord-specific
dorsal marker Xnot (Figure 3E) and the organizer-spe- Zygotic Wnt signaling can be exogenously supplied by
injection of a DNA construct containing a ubiquitouscific dorsal marker chordin (Figure 3B). These results
suggest that normal XLef-1 function is required for the promoter driving the expression of Xwnt-8 (CSKA-
Xwnt-8, [2]). Injection of Xwnt-8 DNA into the prospec-regulation of genes that are known to be regulated by
Xwnt-8 signaling in the mesoderm and therefore support tive dorsal side provides ectopically expressed zygotic
Wnt signaling, which causes characteristic dorsoanter-a function for XLef-1 downstream of Xwnt-8 in dorsoven-
tral mesoderm-promoting, zygotic Wnt signaling. ior defects (Figure 5B, [2, 3, 6]). If XLef-1 function is
required for zygotic Wnt signaling, then the effectsIn order to test directly whether the XLef-1 gene prod-
uct itself is required for dorsoventral mesoderm pat- caused by dorsal Xwnt-8 DNA injections will also be
dependent on normal XLef-1 function. We find, indeed,terning, we used a novel loss-of-function approach
based on antisense morpholino oligonucleotides [16]. that injection ofN-XLef-1 RNA rescues to a large extent
the phenotype induced by Xwnt-8 DNA (Figure 5D). InSince Xenopus leavis is allotetraploid with several para-
log alleles, it might be essential to isolate all paralog contrast, coinjection of Xwnt-8 DNA with N-XTcf-3
RNA causes a strong ventralization of development (Fig-alleles and design several morpholino oligos to study a
true loss-of-function phenotype (e.g., [17]). To avoid ure 5C). Dorsalizing Wnt signaling activity is mediated
by maternal gene products before the onset of zygoticsuch complications, we used the closely related, but
diploid, Xenopus tropicalis for the morpholino experi- gene transcription [1]. This process can be manipulated
with exogenous mRNA encoding Wnt ligands to causements (as previously suggested in [18]). The phenotype
caused by inhibition of XtLef-1 expression (Figure 4B) is duplication of the body axis (Figure 5F, [19]). Interfering
with XLef-1 function does not rescue Wnt mRNA-inducedalmost identical to the phenotype induced byN-XLef-1
RNA injection (see Figure 2C). Furthermore, ventral-spe- axis duplication (Figure 5H); while, as a control, N-
XTcf-3 expression does rescue axis duplication (Figurecific inhibition of XtLef-1 expression (Figure 4C) induces
a very similar phenotype to ventral-specific N-XLef-1 5G), consistent with its role in mediating maternal Wnt
signaling [6, 13].RNA injection (see Figure 2H). The induced phenotype
was further analyzed by studying XmyoD expression, In conclusion, XLef-1 is expressed after the onset of
zygotic transcription and is therefore present at the rightwhich is normally localized in the dorsolateral marginal
zone (Figure 4D). We find that morpholino-mediated inhi- stage of development to mediate Xwnt-8 signaling dur-
ing mesodermal patterning. Our experiments demon-bition of XtLef-1 expression indeed causes loss or se-
vere reduction of XmyoD expression (Figure 4E). This strate that XLef-1 function is specifically required for
Xwnt-8 signaling in dorsoventral patterning of the meso-finding demonstrates that the XLef-1 gene product is
required for patterning the prospective dorsolateral derm. Normal XTcf-3 function is instead specifically re-
quired to allow the establishment of the dorsal bodymesoderm. To confirm that the morpholino-induced
phenotype is due to insufficient XLef-1 gene product, we axis by maternally encoded Wnt signaling components.
Our results therefore highlight the versatility of canonicalshow that the phenotype can be rescued by expressing
human Lef-1 (Figure 4F), which cannot be inhibited by Wnt signaling to cooperate with different transcription
factors of the Lef/Tcf family to induce tissue-specificthe morpholino.
The above results suggest that normal XTcf-3 function responses during development. Understanding the mo-
lecular mechanisms behind Wnt signaling in early Xeno-is required for maternal Wnt signaling and that normal
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CCATCGATCATGAGCAACCCAGAGGAGGAAGGAGACC-3 and the
downstream primer 5-CCGCTCGAGTCAGTTCAGGTTTTCTTCAGA
GATCAGTTTCTGTTCGATGTAGGCAGCTGTCATTCTTGGGCC-3
from the template pXLef-1 [15]. The ClaI- and XhoI-digested product
was cloned into ClaI- and XhoI-digested pCS2, sequenced to rule
out PCR errors, and named pCS2N-XLef-1.
In Vitro Synthesis of Capped Messenger RNA
CappedN-XTcf-3 mRNA was synthesized with T7 RNA polymerase
(by using Ambion mMessage mMachine kits) from XbaI-linearized
pT7TS N-XTcf-3 [13]. Asp718-linearized pCS2N-XLef-1 (see
above) was used as a template for SP6 polymerase to synthesize
capped N-XLef-1 mRNA. Capped Xwnt-8 mRNA was synthesized
with SP6 RNA polymerase from BamHI-linearized pSP64T Xwnt-8
[20]. Capped nuclear -galactosidase mRNA was synthesized with
SP6 RNA polymerase from XhoI-linearized pSP6ngal [21].
RNA Injection Experiments in Xenopus laevis
N-XTcf-3 mRNA was injected at 25 ng/l (i.e.,250 pg per blasto-
mere), N-XLef-1 mRNA and nuclear -galactosidase mRNA were
injected at 100 ng/l (i.e., 1 ng per blastomere), Xwnt-8 mRNA
was injected at 1 ng/l (i.e., 10 pg per blastomere), and CSKA-
Xwnt-8 plasmid DNA was injected at 7.5 ng/l (i.e., 75 pg per
blastomere). Embryos were fixed at the indicated stages of develop-
ment [22] in PBS with 4% formaldehyde for morphological analysis
of phenotypes or in MEMFA (100 mM MOPS, 2 mM EGTA, 1 mM
MgSO4·H2O, and 4% formaldehyde) and 100% ethanol at control
stages 10.5–11 [22] for analysis of marker gene expression with
whole-mount RNA in situ hybridization [6].
Morpholino and RNA Injection Experiments
in Xenopus tropicalis
A morpholino oligodeoxynucleotide (MO, [16], supplied by Gene
Tools LLC, 5-CCTGCTCCAGAGAGCTGAGGCATGG-3), which is
complementary to the translation start site of Xenopus tropicalis
XLef-1 (XtLef-1; G.R. and O.D., unpublished data), was designed.
The morpholino oligo was resuspended in sterile, filtered water andFigure 5. Zygotic Wnt Signaling Is Dependent on Normal XLef-1
was injected at 10 ng per blastomere. Capped human LEF-1 mRNAFunction
was synthesized with SP6 RNA polymerase (using Ambion(A–H) Xenopus laevis embryos were (A and E) uninjected (as a con-
mMessage mMachine kits) from XbaI-linearized pGloMyc hLEF-1trol) or injected at the 4-cell stage into both dorsal blastomeres with
vector [23] and was injected at 90 pg per blastomere. Embryos wereCSKA-Xwnt-8 DNA together with (B) -galactosidase control RNA,
fixed in MEMFA (100 mM MOPS, 2 mM EGTA, 1 mM MgSO4·H2O,together with (C) N-XTcf-3 RNA, or together with (D) N-XLef-1
and 4% formaldehyde) and 100% ethanol at control stages 10.5–11RNA. Alternatively, embryos were injected at the 4-cell stage into
[22] for analysis of XmyoD gene expression with whole-mount RNAone ventral blastomere with Xwnt-8 RNA together with (F)
in situ hybridization (see below).-galactosidase control RNA, together with (G) N-XTcf-3 RNA, or
together with (H) N-XLef-1 RNA. Embryos were fixed and analyzed
Synthesis of Digoxygenin-Labeled RNA Probes(A–D) at control stages 28–31 or (E–H) at control stages 31–33.
for Whole-Mount RNA In Situ HybridizationEmbryos are oriented with anterior (or rostral) toward the left and
Digoxygenin-labeled antisense RNA probes were synthesized withdorsal toward the top. (B) Note that ectopic zygotic Wnt signaling
T7 RNA polymerase (using the Ambion Maxiscript kit) with digoxi-in the prospective dorsal side causes characteristic dorsoanterior
genin-UTP (Roche) from EcoRI-linearized pBS-59-chd for chordin,defects. (C) Coexpression of N-XTcf-3 causes a dramatic ventrali-
from HindIII-linearized pXnot10 for Xnot, from Asp718-linearizedzation of development. (D) In contrast, coexpression of N-XLef-1
pRR3-XmyoDa for XmyoD, and from HindIII-linearized pXpoHK forrescues to a large extent the developmental defects induced by
Xpo [6].ectopic zygotic Wnt signaling (compare to [B]). (F) Note that exoge-
nous maternal Wnt signaling in the prospective ventral side causes
Analysis and Documentationdorsal axis duplication, giving rise to embryos with two heads. (G)
Experiments were analyzed on an MZ7.5 Leica stereomicroscopeCoexpression ofN-XTcf-3 rescues this phenotype to a large extent.
and were documented with an RS Photometrics CoolSNAP digital(H) In contrast, axis duplication is not affected by coexpression of
camera by using Improvision Openlab and Adobe PhotoShop soft-N-XLef-1. (Consult the Supplementary Material for a quantitative
ware on a Macintosh G3 computer. Other methods are as previouslyanalysis of these experiments).
described [4, 6].
Supplementary Material
pus development will help elucidate tissue-specific sig- Supplementary Material including a quantitative analysis of the de-
naling in other vertebrate species and might provide scribed experiments is available at http://images.cellpress.com/
clues to the varying susceptibility of different tissues supmat/supmatin.htm.
and organs to Wnt component-induced human cancers.
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